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ABSTRACT

Rapid Actions of 1,25-Dihydroxyvitamin D3 on Phosphate Uptake in
Isolated Chick Intestinal Cells

By

Bin Zhao, Master of Science
Utah State University, 2002

Major Professor: Dr. Ilka Nemere
Department: Nutrition and Food Sciences

1,25-dihydroxyvitamin D3 [1,25(0H)2D3] has been shown to promote phosphate
transport rapidly in the perfused duodenal loop, relative to controls, reaching treated/av
basal at T = 40 min

=

1.82 ± 0.42 and 1.11 ± 0.21, respectively.

By using isolated chick enterocytes, studies were undertaken to determine
whether 1,25(0H)2D3 has a direct effect on isolated intestinal cells that is manifested by
either enhanced uptake or extrusion of phosphate.
In time course studies, with 4- to 8-wk-old chicks, 32 P uptake in enterocytes at 10
min after addition of test substance was 0%, 130%, 151 %, and 123% of controls for 10
pM, 50 pM, 130 pM, and 300 pM 1,25(0H)2D3, respectively. The metabolite 24,25dihydroxyvitamin D3 [24,25(0H)iD 3] exerted an inhibitory effect on phosphate uptake
by 1,25(0H)2D3 at a concentration of 130 pM. This result was in agreement with
perfusion studies and supports the physiological relevance of isolated cell studies.

lV

For signal transduction studies, isolated enterocytes were incubated with 20 µM
forskolin (an activator of protein kinase A), 100 nM phorbol ester (an activator of protein
kinase C), or 2 µM BAY K 8644 (a calcium channel activator). Enhanced 32 P levels
relative to controls were found for phorbol ester (126% of controls at T = 7 min, P <
0.05) and BAY K 8644 (150% of controls at T = 7 min, P < 0.05) but not for forskolin,
suggesting involvement of protein kinase C and calcium channel signal transduction
pathways in uptake. These results paralleled those observed for the perfused duodenal
loop.
For aging studies, white leghorn roosters were raised for 7, 14, and 28 wk prior to
experiments. These studies showed a 1,25(0H)2D3-mediated increase in 32 P uptake in
isolated cells at 7 wk, but not at 14 or 28 wk. Further analysis of isolated basal lateral
membrane (BLM) on SDS-PAGE followed by Western analysis with a wellcharacterized antibody (Ab099) showed a decreased expression of the putative membrane
receptor for 1,25(0H)2D3 with increasing age, paralleling the results obtained for 32 P
uptake in isolated intestinal cell studies. Analyses of 1,25(0H)2D3 effect on protein
kinase C activity likewise revealed hormone-mediated stimulation in cells from 7-wk- old
chicks, with decreasing responsiveness at a later age. The combined results indicate a
physiologically important role for 1,25(0H)2D3 membrane-initiated phosphate uptake in
enterocytes of young, rapidly growing animals. Furthermore, these studies validate the
use of isolated intestinal cells for further studies on ribozyme-mediated ablation of the
1,25(0H)2D3 membrane receptor function.

(53 pages)
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CHAPTER I
INTRODUCTION

The steroid hormone 1,25-dihydroxyvitamin D3 (1,25(0H)zD 3], the most studied
biologically active form of vitamin D 3 , is derived either from 7-dehydroxycholesterol by
the action of ultraviolet light on the skin or from the diet. The hormone is known for its
regulatory role in calcium and phosphate homeostasis. Apart from this classic function,
l,25(0H)zD 3 is widely acknowledged to be an important regulator of cell growth and
differentiation (7, 25, 47). The effects of the hormone are mediated through a specific
vitamin D nuclear receptor that modulates gene transcription (29) and by a membraneinitiated mechanism that involves activation of signal transduction pathways (10).
In several tissues, 1,25(0H)2D3 rapidly stimulates calcium influx and the turnover
of phosphoinositides, leading to increases in the levels of inositol trisphosphate (IP 3),
which releases Ca2+ from internal stores, and diacylglycerol (DAG), the natural signal for
protein kinase C (PKC) activation (9). A basal lateral membrane receptor has been
implicated in mediating rapid enhancement of intestinal calcium or phosphate transport
(19, 26, 36, 37, 41, 45), activation of phospholipase-associated signaling pathways (2, 4,
11 ), and opening of calcium channels. Recently, a novel cell surface binding protein for
1,25(0H)zD 3 has been identified for intestine, kidney, and brain (18, 40), which has been
termed the l,25D 3-Membrane Associated Rapid Response

~teroid

(MARRS) binding

protein.
In previous studies, it has been reported that 1,25(0H)2D 3 elicits a very rapid
response in calcium transport in the perfused duodenum of the normal, vitamin D-replete

2
chick (42), but there is no observable effect of 1,25(0H)2D3 on

45

Ca handling in isolated

intestinal cells (40). This may be due to both a hormone-enhanced uptake and extrusion
45

of Ca in isolated enterocytes, or a primary effect on phosphate transport and secondary
effect on calcium movement (19, 37). 1,25(0H)2D3 promotes phosphate transport in the
perfused duodenal loop of chicks, although direct effects on cells have not yet been
reported. Since it is possible that 1,25(0H)2D3 stimulates different signal transduction
pathways for calcium and phosphate transport (23), the seco-steroid (seco-steroids are
those steroid hormones in which one of the rings has been broken; in vitamin D, the 9, 10
carbon-carbon bond of ring B is broken, and it is indicated by the inclusion of "9,10seco" in the official nomenclature) may have an observable effect on 32 P handling (uptake
or extrusion) in isolated intestinal cells.
The current study was undertaken to determine whether l ,25(0H) 2D 3 alters
phosphate uptake or extrusion in isolated intestinal cells and whether the process is
modulated by another vitamin D metabolite, 24,25-dihydroxyvitamin D 3 [24,25(0H)2D3].
In addition, activators of protein kinase A, protein kinase C, and calcium channels were

tested for their effect on phosphate in cells to obtain insights regarding signal
transduction pathways. The effects of age were also assessed as a function of
responsiveness to 1,25(0H)2D 3 and compared to protein levels of the putative membrane
receptor by Western analyses and protein kinase C activation.
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CHAPTER II
LITERATURE REVIEW

Historical Review

The first scientific description of a vitamin D-deficiency, rickets, was provided in
the 17th century by both Dr. Daniel Whistler (1645) and Professor Francis Glisson
(1650). The major breakthrough in understanding the causative factors ofrickets was the
development of nutrition as an experimental science and the appreciation of the existence
of vitamins during the period 1910-1930.
It was in 1919 and 1920 that Sir Edward Mellanby (28), working with dogs raised
exclusively indoors (in the absence of sunlight or ultraviolet light), devised a diet that
allowed him to unequivocally establish that the bone disease, rickets, was caused by a
deficiency of a trace component present in the diet. Furthermore, he established that cod
liver oil was an excellent antirachitic agent.
In 1923, Goldblatt and Soames (14) clearly identified that when a precursor of
vitamin D in the skin (7-dehydrocholesterol) was irradiated with sunlight or ultraviolet
light, a substance equivalent to the fat-soluble vitamin was produced. Hess and
Weinstock (16) excised a small portion of skin, irradiated it with ultraviolet light, and
then fed it to groups of rachitic rats . The skin that had been irradiated provided an
absolute protection against rickets, whereas the unirradiated skin provided no protection
whatsoever; clearly, these animals were able to produce adequate quantities of "the fatsoluble vitamin," suggesting that it was not an essential dietary trace constituent.
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The chemical structures of vitamin D were determined in the 1930s in the
laboratory of Professor A. Windaus at the University of Gottingen in Germany. Vitamin
D 2 , which could be produced by ultraviolet irradiation of ergosterol, was chemically
characterized in 1932 (65). Vitamin D 3 was not chemically characterized until 1936 (5)
when it was shown to result from the ultraviolet irradiation of 7-dehydrocholesterol.
Virtually simultaneously, the elusive antirachitic component of cod liver oil was shown
to be identical to the newly characterized vitamin D3. These results clearly established
that the antirachitic substance vitamin D was chemically a steroid, more specifically a
seco-steroid. In 1953, Nicolaysen and Eeg Larsen (48) discovered the role of vitamin D
in promoting the intestinal absorption of calcium. From then on, research on vitamin D
has moved from the realm of nutrition into endocrinology. It was found that vitamin D is
a prehormone giving rise to a number of more polar compounds (49-51). An active form
of vitamin D, l,25(0H) 2D 3, also called calcitriol, is one of them, and was found to be
produced in the body and act as a steroid hormone (52).
Metabolism of Vitamin D

There are numerous components of the vitamin D endocrine system. There is
photoconversion of 7-dehydrocholesterol to vitamin D3 in the skin or dietary intake of
vitamin D 3. Metabolism of vitamin D 3 to 25-hydroxyvitamin D3 [25(0H)D 3], the major
form of vitamin D circulating in the blood compartment, occurs in the liver. Conversion
of 25(0H)D3 to the two principal dihydroxylated metabolites, namely 1,25(0H)2D 3 and
24,25(0H)2D3, occurs in the kidney. There is also systemic transport of the
dihydroxylated metabolites 1,25(0H)2D 3 and 24,25(0H) 2D 3 to distal target organs, and
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specific binding of the dihydroxylated metabolites, particularly 1,25(0H)2D 3, at the target
organs - namely, the bone, intestine, and kidney - followed by the subsequent generation
of appropriate biological responses (61). The vitamin D endocrine system is based on the
fact that 1,25(0H)2D 3 is a hormone synthesized in the body, transported by the blood,
and activated in certain organs, eliciting biological effects after interacting with specific
receptors. Functioning of the vitamin D endocrine system depends on three main
elements: 1) occurrence of the appropriate cytochromes P450 in liver and kidney to biotransform 25(0H)D3 into one of its active metabolites, 1,25(0H)2D3, 2) occurrence of
transport proteins to move these hydrophobic molecules to their target organs, and 3)
existence of specific receptors in a number of tissues.

Mechanism of Functions of Vitamin D

The production and degradation of l ,25(0H)2D 3 are processes regulated by
feedback mechanisms resulting from ionic (Ca2+, P), polypeptidic (PTH, calcitonin), and
steroid [l,25(0H)2D3] factors. The main target organs of l,25(0H)2D 3 are kidney, bone,
and intestine, and its main physiological functions are to maintain adequate concentration
of calcium and phosphorus, and bone mineralization. But calcitriol is not limited to the
above-mentioned functions. Functions attributed to l ,25(0H)2D 3 other than mineral ion
homeostasis include regulation of gene transc1iption, promotion of cell differentiation,
regulation of normal and malignant cell proliferation, and stimulation of the immune
system. It is a very versatile hormone, capable of generating biological responses through
nuclear (intracellular receptors) or cell surface (membrane receptors) pathways.
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Nuclear Actions of 1,25(0H)iD3
Over the past 20 years, studies from many labs have provided evidence that
1,25(0H)zD 3 acts as a steroid hormone by way of a specific nuclear receptor protein
(VDR), which is a member of the steroid and thyroid/retinoid receptor superfamily of
ligand-dependent transcriptional regulators (29). Once the receptor has been activated by
the hormone, it dimerizes with another nuclear receptor known as retinoid X receptor
(RXR), and the resulting heterodimer binds to vitamin D response elements (VDRE) in
the promoter region of target genes. This heterodimer may recruit co-activators and
members of the transcription initiation complex in order to modulate gene transcription
and provoke biological responses. These biological effects are achieved after a relatively
long time (hours).

Plasma Membrane-Initiated Actions
of 1,25(0H)iD3

Rapid Actions of 1,25(0H)zD 3
In spite of the extensive elaboration of evidence supporting the classical nuclear
receptor hypothesis for 1,25(0H)2D3, a number of reports have appeared suggesting that
there are other biological responses to 1,25(0H)2D 3 in the intestine which appear to occur
too rapidly to be explained by the genome activation mechanism. These reports include
the following. First, by ex vivo perfusion of vitamin D-deficient rat intestine with 10 nM
1,25(0H)2D 3, Bachelet and coworkers (1) found stimulation of alkaline phosphatase
activity within 30 minutes. Bikle and coworkers (3) reported that neither actinomycin D
nor cycloheximide inhibited 1,25(0H)2D 3-augmented calcium transport across the
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intestine of rachitic chicks. In 1981, a direct, rapid effect on intestinal cells isolated from
normal vitamin D rats was found, as determined by calcium uptake and lysosomal
enzyme release (45). These observations were subsequently extended to the vascularly
perfused duodenal loop of vitamin D-replete chicks, in which transcaltachia (the rapid,
hormonal stimulation of duodenal Ca transport from the luminal compartment to the
venous effluent) has provided the strongest proof for the nongenomic effect of
1,25(0H)2D 3 ( 46). Bachelet et al. (1) first proposed using perfused rat intestine to study
1,25 (OH)zD 3 mediated phosphate transport. Karsenty et al. ( 19) reported a rapid
enhancement in isolated rat intestinal cell uptake of phosphate in direct response to the
hormone. In enterocytes, increased phosphate uptake was evident within 20 min (35).
To date, the rapid actions of 1,25(0H) 2D 3 have been observed in many types of
tissues, including intestine, bone, muscle, hepatocytes, kidney, parathyroid cells,
keratinocytes, fibroblasts, HL-60 cells, mammary gland, and pituitary cells. It has been
recognized that the membrane-initiated actions of 1,25(0H)2 D 3 are not only found in a
wide variety of tissues, but also have various effects on regulating cellular processes (47).

Signal Transduction Pathways for l,25(0H) 2D 3
Steroid hormones, including vitamin D metabolites and estrogens, activate target
cells through specific receptors that discriminate among ligands based upon recognition
of distinct structural features. For all steroid ligands, cell surface and nuclear receptors
coexist in many target cells (54). Upon ligand binding, these receptors generate both
long-lasting and rapid responses (54). Responses involving steroid receptor systems
activating de novo mRNA and protein synthesis require longer periods lasting hours to
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days, whereas the rapid responses (milliseconds to minutes) are apparently independent
of nuclear actions. This prompted investigation of the mechanisms whereby steroid
hormones initiate nonnuclear effects.
A direct, rapid effect of 1,25(0H)zD3 on calcium uptake was first observed in
isolated intestinal epithelial cells from rat (45) based on the postulation that a membranelocalized receptor for the steroid hormone might be responsible for initiating the effects
observed. In rat enterocytes, Lieberherr et al. (24) reached a similar conclusion regarding
the need for a cell surface receptor to mediate developmental changes in 1,25(0H)zD3stimulated phosphoinositide metabolism (apparent within 5 s of hormone treatment). One
consequence of ligand binding to a membrane receptor includes opening of a calcium
channel in the basal lateral membrane (11), which may enhance exocytosis of vesicular
transport of calcium or vesicular transport of phosphate (63). Another signal transduction
pathway may include activation of protein kinases (12), which are known to be involved
in promoting exocytosis, and which may also provide a means of signal transduction to
the brush border and/or nucleus.
2

It has been proposed that 1,25(0H)2D3 increases intestinal Ca + transport through

a vesicular pathway, which involves internalization of Ca2+ in endocytic vesicles, fusion
of the vesicles with lysosomes, and movement of the lysosomes to the basal lateral
membrane where exocytosis of the contents completes the transport process (42). It is
conceivable that 1,25(0H)2D 3 activation of second messenger systems, such as increased
cytoplasmic Ca2+ through dihydropyridine-sensitive Ca2+-channels (11), or cAMPdependent protein kinase (PK.A) and protein kinase C (PKC), might stimulate transport of
vesicular calcium or phosphate (12). Indeed, 1,25(0H)zD3 has been found to activate
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both protein kinases A and C, as well as to stimulate calcium oscillations measured by
fura-2 fluorescence (40). Nemere (37) has shown that low levels of 1,25(0H)2D 3 are
capable of rapidly (4-8 min) stimulating phosphate transport in the perfused duodenal
loop of normal chicks, and that the process can be modulated by two other vitamin D
metabolites, 24,25-dihydroxyvitamin D 3 [24,25(0H) 2D 3] and 25-hydroxyvitamin D 3
[25(0H)D3]. It has also been suggested that the basal lateral membrane receptors
postulated to exist for 1,25(0H)2D 3 and 24,25(0H)2D 3 may regulate phosphate transport
through signaling mechanisms different from those for calcium transport. However, the
effect of stimulating these signal transduction pathways on phosphate handling by
enterocytes has not been studied.
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CHAPTER III
MATERIALS AND METHODS

Animals and Surgical Procedures

White leghorn cockerels were obtained on the day of hatch and raised for 4-8 wk
(unless otherwise indicated), on a commercially available vitamin D-replete diet before
experimentation (37). All procedures were approved by the Institutional Animal Use and
Care Committee at Utah State University.

Cell Isolation

On the day of experiments, chicks were anesthetized with chloropent (0.3 ml/100
g body weight), and the duodenal loop was surgically removed and placed in ice cold
saline. After chilling for 15 min, the pancreas was excised and the duodenal loop everted
and rinsed in ice-cold saline. The loop was then transferred to a plastic beaker containing
30 ml of citrate chelation solution (96 mM NaCl, 27 mM NaCitrate • 2H2 0, 1.5 mM KCl,
8 mM KH 2P04 , 5.6 mM Na2 HP0 4 , pH 7.0) at 23°C, gently stirred for 15 min, and then
transferred to fresh chelation solution. The chelated cell suspension was transferred to
two 50-ml polypropylene centrifuge tubes on ice. The isolation procedure was performed
a total of three times. Cells were collected by low speed centrifugation (500 x g, 5 min,
4°C). The supernatant was decanted and while still inverted, the inside of the tube was
swabbed with a Kimwipe. Cell pellets were resuspended in Gey's Balanced Salt Solution
(GBSS, 119 mM NaCl, 4.96 mM KCl, 0.22 mM KH 2P04 , 0.89 mM Na2HP0 4 , 1.03 mM
MgCh • 6H20, 0.28 mM MgS0 4 • 7H 20, 0.9 mM CaCh • 2H 20) buffered to pH 7.4, and
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containing 0.1 % bovine serum albumin (RIA grade, Sigma Chemical Co., St. Louis, MO)
as follows: the pellet was gently dispersed along the inside walls of the tube with a
Teflon-coated rod. Resuspension medium (10 ml per pellet) was added a drop at a time
until a fairly liquid suspension was achieved and then medium was added more rapidly.
This procedure minimized cell clumping. A 5-ml aliquot of cell suspension was then
combined with 2 µCi/ml ofH 332P04 (PenkinElmer New England Nuclear, Boston, MA).

Time Course Studies

The radio labeled suspension was divided into two groups (of 2 ml each), and
duplicate 100-µl aliquots from each group were removed at T = -5 and -1 min. Each
aliquot was pipeted into 900 µl of ice-cold GBSS. At T

=

0 one suspension was treated

with vehicle (0.012% ethanol, final concentration) and the other with 1,25(0H)2D3. At T
=

1, 3, 5, 7, and 10 min, duplicate aliquots were removed to 900 µl of ice-cold GBSS, as

described above. Cell viability [98% by Trypan blue exclusion; (44)] remains
undiminished under these conditions. The samples were then centrifuged (1000 x g, 10
min), the supematants decanted, and the insides of the tubes swabbed with a Kimwipe
while the tubes were still in the inverted position. The pellets were processed as described
below for protein and radioactivity.
For dose response studies, 10, 50, 130, or 300 pM 1,25(0H)2D3 was tested. For
experiments testing the effect of 24,25(0H) 2D3 in combination with 1,25(0H)2D3, the
protocols described above were used except that cells were treated with vehicle (0.012%
ethanol, final concentration) or a combination of 130 pM 1,25(0H) 2D 3 and 6.5nM
24,25(0H)2D3 at T = 0.

12
Perfusion of Duodenal Loops

Procedures for perfusion studies were as described before (37). Briefly, duodena
were perfused through the celiac artery with control medium (GBSS containing 1.25
mg/ml BSA and 0.05 µl/ml ethanol) for a 20-min basal period, beginning with the
initiation of lumenal perfusion with GBSS (containing 2 µCi/ml H33 P04 ). Samples were
collected at 2-min intervals during the last 10 min to determine average basal transport
rates. Vascular perfusion was then continued either with control medium, 1,25(0H)2D3,
or with 1,25(0H)2D3 plus 24,25(0H) 2D 3 for an additional 40 min, and aliquots of the
venous effluent taken at 2-min intervals for determination of 32 P. For dose response
studies, 65, 130, 300, or 650 pM 1,25(0H)2D 3 was used alone or in combination with 6.5
nM 24,25(0H)zD3_
Effect of Age on l,25(0H) 2D3-Stimulated 32P
Uptake by Isolated Intestinal Cells

Cells were isolated from male chickens that were 7 wk, 14 wk, or 28 wk of age.
These ages cover growth (a period of rapid bone formation) and adulthood when the
demand for bone mineralization decreases. Enterocytes from each age group were
incubated as described for time course studies (see above) with either vehicle or 130 pM
1,25(0H)2DJ.
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Effect of Signal Transduction Activators in
Isolated Intestinal Cells

Isolated enterocytes were incubated in a manner similar to that described for the
time course studies, but treated with either vehicle (0.2% DMSO), 10 µM forskolin [(a
protein kinase A activator; (58) ], 100 nM phorbol 12-myristate 13-acetate [a protein
kinase C activator; (21)], or 2 µM BAY K 8644 (a calcium channel activator; all from
Sigma) added at T = 0.

Perfusion Study of Signal Transduction Activators

Vascular perfusion conditions were as described above for duodena treated either
with control medium, 10 µM forskolin, 100 nM phorbol 12-myristate 13-acetate, or 2 µM
BAY K8644 during the treated phase. Aliquots of the venous effluent were taken at 2min intervals for determination of 32 P.

Quantification of Results

Harvested cell pellets were resuspended in reagent grade water and analyzed for protein
using the Bradford reagent (Bio-Rad, Hercules, CA) with bovine gamma globulin as
standard

(Sigma),

and

radioactivity

by

liquid

scintillation

spectrophotometry.

Radionuclide (CPM) was related to cellular protein in each aliquot, and then specific
activity (cpm/mg protein) in each sample from the time points in the treated phase was
normalized to average cpm/mg protein during the basal uptake phase.
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Determination of Protein Kinase C Activity

Time course studies with isolated intestinal cells indicated that optimal
responsiveness to l ,25(0H)zD 3 occurred within 5 min (36). Approximately 106 cells
were treated with vehicle or 130 pM l ,25(0H)2D 3 for 5 min and then pelleted at low
speed and homogenized in 20 mM Tris, pH 7.5, containing 0.5 mM EDTA, 0.5 mM
EGTA, 0.5% Triton X-100, and 25 µg/ml aprotinin and leupeptin. The high-speed
supematants (14,000 x g, 2 min, 4 °C) were diluted 1:4 with nondetergent buffer and
analyzed for proteins. After adjusting protein levels to 1 µg/µl, 10 µls was taken for
analysis of enzyme activity, according to instructions supplied with the kit (Invitrogen
GIBCO Life Technologies, Waverly, MA). Aliquots were analyzed for the ability to
phosphorylate exogenous substrate (50 µM myelin basic protein) in the presence or
absence of a specific protein kinase C (PKC) inhibitor, corresponding to the
psuedosubstrate region PKC (19-36), for 20 min before the addition of buffer containing
[

32

P] ATP - 20 µM ATP and acetylated myelin basic protein. After an additional 5 min

incubation at 30 °C, 25 µl samples were spotted onto phosphocellulose disks. The disks
were then washed two times in 1% phosphoric acid and two times in water before
determination of retained radioactivity by liquid scintillation counting. Values were
expressed as (total activity) - (inhibitor sensitive activity) and related to extract protein.

SDS-PAGE and Western Blot

Basal lateral membranes were prepared from 7-wk, 14-wk, and 28-wk-old birds
by a combination of differential and Percoll gradient sedimentation (39). Solubilized
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membranes (15 µg protein per well) were separated on 13-cm resolving slab gels.
Colored molecular weight standards (Bio-Rad) were run simultaneously to monitor the
subsequent transfer of protein to polyvinylidene difluoride membranes (Immobilon-P,
Millipore, Bedford, MA, USA) by electroblotting in a Bio-Rad Semi-dry transfer system
(15 V, 25 min, 23 °C). Western analyses were performed according to Millipore
protocols. The membrane was incubated for 1 h at 37 °C in blocking buffer (150 mM
NaCl, 10 mM Na2 HP04, pH 7.4, with 0.5% wt/vol nonfat dry milk powder). The
•

membrane was then washed three times, 5 min each, in washing solution (0.1 % BSA in
Tris-buffered saline, pH 7.4: 150 mM NaCl, 20 mM Tris, 0.02% NaN3), before an
overnight exposure (10-16 h, 4°C) to primary antibody (Ab 099) at a 1:5000 dilution in
antibody incubation solution (1 % wt/vol BSA, 0.05% vol/vol Tween 20 in Tris-buffered
saline). The following morning, the membrane was again washed 3 x 5 min, and
incubated for 2 h (23°C) with alkaline phosphatase-conjugated secondary antibody
(Sigma) diluted at 1: 15000. Three additional washes were performed prior to the
colormetric reaction. For visualization, the membrane was incubated with chromogenic
substrate (5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium, both from Sigma)
in 10 mM Tris. For quantitation, Western blots were scanned into a computer file and
densitometrically analyzed.

Statistical Analyses
Statistical comparisons between two treatment groups were made by Student's t
test for paired observations. Results of dose-response analyses were compared by
ANOV A. Statistical significance was set at P s 0.05 .
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CHAPTER IV
RESULTS
Effects of I,25(0H)2D 3 on Phosphate
Uptake in Isolated Intestinal Cells

Time course studies on

32

P uptake in isolated cells were undertaken with a range

of I,25(0H)2D3 concentrations (Fig. I). Vehicle controls maintained Treated/AV basal
values of 0.6 - 1.0. Values less than 1.0 may be due to depletion of energy stores.
Treatment of cells with 10 pM l ,25(0H) 2D 3 failed to alter 32 P levels from those observed
in controls (Fig. IA; treated/av basal ratio at IO min, 0.8I ± 0.05; control, 0.89 ± 0.03).
Figures IB and IC depict mean ± SEM values obtained from isolated intestinal cells
treated with either 50 pM I,25(0H)2D 3, I30 pM l,25(0H) 2D3 (closed circles), or vehicle
(open circles). Both 50 pM 1,25(0H)2D3 and 130 pM 1,25(0H)2D 3 promoted an early
rise in the uptake of 32 P, increasing to approximately 130% and I 51 % of the control
values at IO min, respectively (both P = 0.02). Figure ID illustrates the time course for
32

P uptake in response to 300 pM I ,25(0H) 2D3. An early rise in the 32 P uptake was also

stimulated by 300 pM I ,25(0H) 2D3, but to a lesser extent than the lower concentrations.
32
Uptake of P increased approximately I23% of the control value at 10 min (P

=

0.03).

Figure IE summarizes the results of a range of I ,25(0H)2D 3 concentrations on phosphate
uptake in I 0 min. This comparison suggests a biphasic dose-response curve: an absence
of stimulated 32P uptake was evident at 10 pM hormone, moderate stimulation was found
at 50 pM steroid, a plateau of optimal response was obtained at 130 pM I ,25(0H)2D 3,
and slight suppression was observed at 300 pM seco-steroid (Fig. IE). On the basis of
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Fig. 1. Time course of 1,25(0H)2D 3-enhanced 32 P uptake in isolated intestinal cells.
Enterocytes isolated by citrate chelation were resuspended in Gey's Balanced Salt
Solution (GBSS) containing 0.1 % BSA. At T = -10 min, 32Pi (2 µCi/ml) was added and
duplicate baseline aliquots removed to a 10-fold volume of cold GBSS at T = - 5 and - 1
min, prior to the addition of vehicle (0.012% ethanol, o-o) or 1,25(0H) 2D 3 (•-•)at T
= 0 min. Duplicate samples were taken at T = 1, 3, 5, 7, 10 min and pipeted into cold
GBSS. Cell pellets were collected by centrifugation (1000 x g , 10 min) and analyzed for
radioactivity and protein. Radionuclide was related to corresponding cellular protein in
each aliquot, and then normalized to average basal cpm/mg protein. Data are presented as
mean treated/average basal ratios. (A) 10 pM 1,25(0H)2D 3 (n = 3); (B) 50 pM
1,25(0H)2D 3 (n = 3); (C) 130 pM 1,25(0H)2D3 (n = 5); (D) 300 pM 1,25(0H)2D 3 (n =
5); (E) Summary of time course studies at T = 10 min. Values represent mean ± SEM.
*P ~ 0.05, relative to corresponding control values.

18
A
,....._

o;
Vl

1.40

B

10 pM 1,25(0H)2 D 3

1.20

o; 1.20

1.00

co

>

<
-....
-0

o:1

>
<
-....

0.80

Q)

"'

Q)

c"'

1.20

co

1.00

<
-....

0.80

Q)

0.60

-0

"'

3
5
TIME (min)

1.40

Vl

>

-I

-5

,....._
o:1

0.80
0.60

Q)
....

~

o;

1.00

-0

0.60
....Q)
E.......,
0.40

c

50 pM 1,25(0H)iD 3

Vl

o:1

co

1.40

,....._

7

0.40

&--

10

D

130 pM 1,25(0H)i0 3

-5

-1

l
3
5
TIME (min)

1.40

10

300 pM 1,25(0H)iD3

,....._ 1.20
o;
Vl
o:1 1.00

co
>
<

:0
Q)

'iii
Q)

Q)
....
E......., 0.40

t,

0...

-5

::;:

-I

I

3
5
T!ME(min)

7

10

&--

0.80
0.60
0.40
-5

-1

I
3
5
TIME (min)

E
,.-._

-=
"§
0

200

........
II

150

~

100

f-;

0i...
.....

-=

0

(.)

50

<+-<
0

'i:l
<!)
(.)

i...

<!)

i:i...

0
10

50

130

'-'

i:i...

N
M

7

Concentration of l ,25(0H) 2D3 (pM)

300

7

IO

19
these resullt~ the optimal concentration of hormone, 130 pM 1,25(0H)2D 3, was used in
subsequemt ixperiments.

Effect of24,25(0H) 2D 3 with 1,25(0H)2D 3
on Phosphate Uptake

In

prevrous studies, 24,25(0H) 2D 3 has been reported to slightly induce

transcaltacch.a :the rapid hormonally stimulated transport of calcium) at 6.5 nM steroid
(66) . Ho\Weve-, an equivalent level of 24,25(0H)iD 3 not only failed to stimulate
phosphate· tarsport but attenuated the stimulatory effect of 1,25(0H) 2D 3 (37). Thus,
experimemts vere performed to determine the interaction of 24,25(0H)iD 3 and
1,25(0H)21D3 CJ phosphate uptake in isolated chick intestinal cells. Figure 2 depicts the
results off is<Jated intestinal cells treated with vehicle (0.012% ethanol, final
concentration))r a combination of 130 pM 1,25(0H)2D 3 and 6.5 nM 24,25(0H) 2D 3.
At 'T =? min, the ratio of treated/av basal (mean ± SEM) was 0.90 ± 0.10 for
controls amd o>6 ± 0.11 for cells treated with 130 pM 1,25(0H)iD3 in combination with
6.5 nM 2'4,25)H)zD3; at T

=

10 min, values were 0.84 ± 0.09 and 0.89 ± 0.09 for

controls amd ~ ated cells, respectively. These data indicated that at a concentration
equivalent tco asma levels in normal chicks (66), 24,25(0H) 2D 3 apparently exerts an
inhibitory effe. on 1,25(0H) 2D 3 -enhanced phosphate uptake.

Effect oflncreasing Concentrations of
1,25(0H)2D 3 , Without or With 24,25(0H)iD 3

24,25JH)2D 3 and 1,25(0H)2D 3 were further tested for their ability to augment
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Fig. 2. Effect of 6.5 nM 24,25(0H)iD 3 and 130 pM 1,25(0H)2 D3 on phosphate uptake in
isolated intestinal cells. Conditions were as described in Fig. 1. Cells were treated with
vehicle (open circles) or both steroids (closed circles) at T = 0 min. Values represent
means ± SEM for 6 independent experiments.

phosphate transport in perfused duodena (Nemere, unpublished observations). Figure 3
depicts the results of dose-response experiments in which duodena were perfused with
control medium (n = 12), 65 pM 1,25(0H) 2D3 (n = 4), 130 pM l,25(0H) 2D 3 (n = 3), 300
pM l,25(0H)2D3 (n = 2), 650 pM l,25(0H)iD 3 (n = 4), and each concentration of
1,25(0H)iD3 in combination with 6.5 nM 24,25(0H) 2D3 (n = 4, n

=

3, n = 2, and n = 4,

respectively). Comparison of the 40-min time points indicated that the ratio of treated/av
basal (mean± SEM) was 1.36 ± 0.13 for 65 pM 1,25(0H)2D 3 and 1.08 ± 0.04 for 65 pM
1,25(0H)2D3 plus 6.5 nM 24,25(0H)iD 3; 1.45 ± 0.05 and 1.15 ± 0.02 for 130 pM
1,25(0H)2D3 alone and in combination with 24,25(0H) 2D3, respectively. For 300 pM
1,25(0H)2D3 alone or in combination the ratios were 2.15 ± 0.21 and 0.92 ± 0.12. These
results indicated that 24,25(0H) 2D3 significantly decreased the stimulation of phosphate
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transport by 1,25(0H)2D3 [P < 0.05 for all three different doses of 1,25(0H)2D3 relative
to corresponding values for combined perfusion]. 650 pM 1,25(0H)2D3 plus 6.5 nM
24,25(0H)2D 3 also attenuated

phosphate transport relative to 1,25(0H)2D 3 alone,

although the decrease was not significant (mean± SEM was 1.10 ± 0.10 and 1.01±0.03,
respectively). These results were in agreement with the effect of 24,25(0H) 2D 3 with
1,25(0H)2D 3 on phosphate uptake in isolated intestinal cells. However, the optimal
concentration of 1,25(0H) 2D 3 alone was higher in the perfusion system (300 pM steroid)
than with isolated cells (130 pM hormone).
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Fig. 3. Effect of increasing concentrations of 1,25(0H)2D3 alone or in combination with
6.5 nM 24,25(0H)2D 3 on phosphate transport in perfused duodena. Perfusion conditions
were as described in text using the indicated concentrations of seco-steroid or vehicle
control (con). Data are presented for the 40-min time point of the treated phase.
Values represent mean± SEM.
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Effect of Signal Transduction Activators

An additional series of experiments were undertaken with foskolin, phorbol ester,

and Bay K 8644. Figure 4A reveals that 10 µM forskolin failed to enhance phosphate
uptake in isolated intestinal cells. At 10 min, the ratio of treated/av basal (mean ± SEM)
was 0.96 ± 0.18 for controls; and 0.91 ± 0.15 for forskolin-treated cells. These data
indicated that the PKA signal transduction pathway is most likely not involved in
phosphate uptake.
Figures 4B and 4C illustrate the effect of Bay K 8644 and phorbol ester,
respectively, on phosphate uptake in isolated intestinal cells. Enhanced

32

P levels relative

to controls were found for phorbol ester as early as 5 min after addition, achieving 125%
of controls at T = 5 min (P = 0.05) and 126% of controls at 7 min, (P < 0.05; Figure 4B).
BAY K 8644 treatment resulted in an apparent increase in phosphate uptake 1 min after
addition, reaching 134% of controls at T = 5 min (P < 0.05) and 150% of controls at T =
7 min (P = 0.01; Figure 4C). These data suggested that PKC and calcium channel signal
transduction pathways may be involved in phosphate uptake.

Perfusion Studies with Signal Transduction Activators

Signal transduction activators foskolin, phorbol ester, and Bay K 8644 were tested
on phosphate transport in perfused duodena. Figure 5 illustrates data available in the
laboratory for the results of duodena perfused with control medium (n

=

7), 10 µM

forskolin (n = 2), 2 µM BAY K 8644 (n = 2), or 100 nM phorbol myristate acetate (n =
3). At the end of the 40-min treatment period, the ratio of treated/av basal (mean± SEM)
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Fig. 4. Effect of signal transduction activators on phosphate uptake in isolated intestinal
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Values represent means± SEM. *P ~ 0.05, relative to corresponding controls.
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was 1.12 ± 0.21 for control, 1.18 ± 0.12 for forskolin, 5.15 ± 1.27 for Bay K 8644, and
3.47 ± 1.21 for phorbol ester. Bay K 8644-augmented phosphate transport was
statistically significant between 4 and 40 min of perfusion during the treated phase (P <
0.05, relative to control). Phorbol ester also stimulated phosphate transport, but to a lesser
extent than Bay K 8644 with a marginal significant difference compared to control
medium (P ~ 0.05). However, perfusion with forskolin failed to stimulate phosphate
transport.
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Fig. 5. Comparison of the effects of signal transduction activators on phosphate transport
in perfused duodena. Perfusion conditions were as described in the text. Data are
presented for the full 40-min time course of the treated phase. Values represent mean ±
32
SEM. Enhanced P transport was significant for Bay K 8644 (P < 0.05) and marginally
significant for phorbol ester (P ~ 0.05) from 4 to 40 min relative to corresponding control
values.

25
Effect of Age on 1,25(0H)2D3: Stimulated 32P
Uptake by Isolated Intestinal Cells

Since decreased intestinal absorption with aging is known to contribute to poor
bone health, another objective of this research was to determine whether the rapid effects
of 1,25(0H)2D3 decrease with maturation. Figure 6A and 6B depict the results of
1,25(0H)2D3-mediated phosphate uptake in isolated cells prepared from duodena of 14or 28-wk birds. Neither of the enterocytes from 14-wk (average body weight 0.92 kg) or
28-wk birds (average body weight 1.12 kg) showed an increase in 32P uptake as a result
of 1,25(0H)2D 3 treatment. These results are in marked contrast to those observed with
enterocytes prepared from 7-wk birds (average body weight 0.4 kg) (Fig. 1C).
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Fig. 6. Effect of 130 pM 1,25(0H)2D3 on phosphate uptake in isolated intestinal cells of
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wk, n = 5 birds are depicted. Procedures were the same as those described in Fig. 1.
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Effect of Age on 1,25D3 -MARRS
Binding Protein by Western Analyses

For 1,25(0H)2D3, a basal lateral membrane receptor has been implicated in
mediating rapid enhancement of intestinal calcium (18, 26, 41, 45) or phosphate transport
(19, 36, 37), activation of phospholipase-associated signaling pathways (4, 12, 24, 57,
62), and opening of calcium channels (6, 8, 11 , 13, 59, 67). The above study of age on
32
1,25(0H)2D 3-stimulated P uptake by isolated intestinal cells indicated that rapid effects
of 1,25(0H)2D3 decrease with maturation. One explanation is that the expression of a
Membrane Associated Rapid Response ~teroid (MARRS) binding protein also decreases
with aging. To address this question, studies on the 1,25D3-MARRS receptor antigen
were undertaken by Western analyses in birds of different age groups. The polycloned
antibody (Ab 099) used to test for immunoreactivity has been characterized in chicken
intestine (40) and found to be highly specific. In three independent experiments, basal
lateral membranes were prepared for each age group tested, and 15 µg protein from 7-wk,
14-wk, and 28-wk-old birds was loaded in individual lanes. Figure 7 shows the results of
densitometric analyses of the Western blots.

The relative band density

for

imrnunoreactivity in 1,25D3-MARRS binding protein from 7-wk, 14-wk, and 28-wk-old
birds was 260.3 ± 19.2, 239.7 ± 15.8, and 235 .3 ± 2.4 (mean± SEM), respectively. There
is a decrease of 1,25D3-MARRS binding protein band density with increasing age.
Although the differences were not significant, the trend is paralleled with the above age
studies in isolated intestinal cells.
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Age Study of the 1,25D3-MARRS Binding Protein by
Western Analyses
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Fig. 7. Densitometric analyses of Western blots of 1,25(0H)2D3-MARRS binding
protein in birds of different age groups. Electrophoresis was performed on 8% sodium
dodecyl sulfate polyacrylamide gels with colored molecular weight markers as standards.
Proteins were transferred to polyvinylidene difluoride (PVDF) membranes, and probed
with Ab 099 followed by alkaline-phosphatase conjugated secondary antibody and
chromogenic substrate. The bands were quantitated densitometrically. Values represent
means ± SEM for three independent experiments.

Protein Kinase C Activity

Since enhanced

32

P levels, relative to controls, were found for cells treated with

.

phorbol ester, it is possible that the seco-steroid hormone may activate the PKC signal
transduction pathway. In earlier studies with isolated intestinal cells (36), 130 pM
1,25(0H)2D3 was found to increase PKC activity 5 min after hormone. Using this time
point, PKC activity in intestinal cells was tested in the different age groups of birds. As
revealed in Figure 8A, intestinal cells from 7-wk-old chicks incubated with control

28
medium in the absence of hormone exhibited a low level of activity (approximately 100
pmols/min/mg protein). Addition of 130 pM 1,25(0H)2 D3 resulted in 174% increase in
protein kinase C activity (P

=

0.05). The average values (pmol/min/mg protein) ± SEM

were 95 .78 ± 17.84 for controls, and 166.63 ± 36.22 for 1,25(0H)2D 3-treated cells. An
age-related decrease in basal protein kinase C activity was observed in enterocytes from
14-wk birds (78.78 ± 11.46 pmols/min/mg protein, Fig. 8B) and 28-wk birds (58.04 ±
6.59 pmols/min/mg protein, Fig. 8C). In 14 week-old chicks, 1,25(0H)iD3 still exerted a
stimulatory effect on protein kinase C activity, but at a modest level, increasing activity
only 122% of control groups (P ~ 0.05). In preparations from 28-wk birds, the difference
between treated and control groups was no longer significant. These experiments showed
that there was a decrease of hom1one-stimulated protein kinase C activity in birds of
increasing ages, which was paralleled by the age-related decrease of steroid-enhanced

32

P

uptake in isolated intestinal cells, and decreasing levels of the expression of the putative
membrane receptor.
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Fig. 8. Effect of 130 pM 1,25(0H)2D 3 on protein kinase C activity in isolated intestinal
cells from birds of different ages. Intestinal cells were isolated by chelation from (A) 7wk birds; (B) 14-wk birds or (C) 28-wk birds; and then treated with vehicle or 130 pM
1,25(0H)zD3 for 5 min. Cells were collected by centrifugation and the pellets were
extracted for determination of protein kinase C activity as described in the text. Values
represent means ± SEM for six independent experiments. *P ~ 0.05, relative to
corresponding controls.
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CHAPTER V
DISCUSSION

The current work demonstrates that 1,25(0H)2D 3 is capable of rapidly (5 - 10
min) stimulating phosphate uptake in the isolated intestinal cells of normal chicks.
Phosphate transport across the intestinal epithelial cell involves at least three steps: 1)
phosphate entry across the brush border membrane into the epithelial cell; 2) phosphate
transfer to the basal lateral side of the cell; and 3) phosphate transport from the enterocyte
into the extracellular space across the basal lateral membrane. Studies conducted with
isolated intestinal brush border membrane vesicles (BBMVs) have demonstrated that the
transepithelial uptake of Pi occurs primarily in the proximal small intestine and consists
of two components: Na-+ -independent, passive diffusion across the intestinal brush border
and Na+-dependent, carrier-mediated secondary active uptake. However, one effect of
1,25(0H) 2D 3 on Pi absorption seems to be the stimulation of Na+-dependent Pi
co transporters.
Three types of Na+ /Pi-cotransporters have been identified (31-33, 64): 1) type I
cotransporter(s) - present in the proximal tubule - also show anion channel function and
may play a role in secretion of organic anions; in the brain, it may serve vesicular
glutamate uptake functions; 2) the type II cotransporter has been subdivided into a type
Ila (renal) isoform and a type Ilb (small intestinal) isoform (17, 33, 64) and determines
Na+-dependent transcellular Pi-movements; 3) Type III transporter is ubiquitously
expressed; it seems to meet housekeeping functions rather than specific epithelial
functions (20, 33, 60). Apical location, kinetic characteristics, and pH dependency
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suggest that the type Ilb Na+_pi cotransporter is involved in small intestinal Pi
reabsorption (17). Hattenhauer et al. (15) and Murer et al. (32, 33) reported changes in
brush border membrane type Ila (proximal tubule) or type Ilb (small intestine)
cotransporter protein content and showed that this regulation is slow (hours, days) in
small intestine (e.g., in response to alterations in dietary Pi-intake or altered states of
1,25(0H)zD3) and acute (minutes, hours) in the proximal tubule (in response to
alterations in the level of a variety of peptide hormones, neurotransmitters and dietary Piintake).
But m the current study, a very rapid phosphate uptake stimulated by
1,25(0H)zD3 (5 - 10 min) was observed in the isolated intestinal cells of normal chicks.
The acute nature of the stimulation suggests a signal transduction pathway independent of
de novo mRNA and protein synthesis. These results are paralleled in perfusion studies in
which 1,25(0H)zD 3 enhanced a rapid phosphate transport in the chicken duodenal loop
(37), which resembles l,25(0H)zD 3 -mediated "transcaltachia"- the rapid, hormonal
stimulation of calcium transport (43). By use of intestinal brush-border membrane
vesicles of D-deficient chicks, Matsumoto et al. (27) have shown that pretreatment of
animals with 1,25(0H)zD3 enhances the initial Pi uptake (i.e., Pi uptake at 20 s). Karsenty
et al. (19) also reported that in vitro addition of 1,25(0H)2 D 3 (1 pM) to isolated rat
intestinal cells led to a significant increase in Na+-dependent initial Pi uptake velocity
(iV Pi) within 20 min. Incubation of the cells with cycloheximide did not inhibit the
hormone-mediated increase of iV Pi (19). Hattenhauer et al. (15) indicated that stimulation
of intestinal Na+_pi cotransport by 1,25(0H)2D3 can be explained by an increased amount
of type Ilb Na+-Pi cotransporters in the brush-border membrane and that augmentation of
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type Ilb Na+_pi cotransporters is not related to an increased rate of transcription of the
type Ilb gene, but may occur via a "nongemonic" mechanism.
In the current work, the acute increase of Pi uptake caused by 1,25(0H)2D 3 (5 10 minutes) was presumably mediated via a putative membrane-associated receptor for
1,25(0H)2D3. A candidate receptor for 1,25(0H)2D 3 has tentatively been identified in
basal lateral membranes of chicken intestinal epithelium(41 ). Possible explanations for Pi
uptake in the 1,25(0H) 2D 3-treated isolated chick intestinal cells include an increase in the
efficiency of the transporter, an alteration in the processing of the transporter, as well as
an alteration stimulating the incorporation of Na+/Pi cotransporters into the apical
membrane. Protein phosphorylation events may affect either transporter efficiency or
protein processing. Indeed, both the cAMP and the PKC signaling pathways have
previously shown to be involved in mediating the membrane-initiated actions of
l,25(0H)2D3 .
However, the results indicate that cAMP is not involved as a mediator in the
l ,25(0H)zD 3-induced stimulation of Pi uptake in the isolated chick intestinal cells, but
suggest instead the involvement of the PKC pathway. Similarly, the regulatory
mechanisms involving the PKC signal transduction pathway of phosphate uptake have
been reported to occur with other steroid hormones. An example is the effect of
glucocorticoids on phosphate uptake in primary rabbit kidney proximal tubule cells
(PTCs). The authors (53) reported that the cortisol-BSA-induced inhibition of phosphate
uptake was not blocked by either an adenylate cyclase inhibitor or a protein kinase A
inhibitor. Also cortisol-BSA did not have a significant effect on the intracellular cAMP
levels of the PTCs. However, phospholipase C and PKC inhibitors blocked the cortisol-
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BSA-induced inhibition of phosphate uptake observed after a 1-h incubation. These
results suggested that the involvement of the PLC/PKC, rather than the cAMP pathway,
in mediating the acute inhibitory effect of cortisol-BSA on phosphate uptake (53).
The present study also shows that BAY K 8644 treatment results in an apparent
increase in phosphate uptake 1 min after addition, suggesting that a calcium channel
signal transduction pathway may be also involved in phosphate uptake. Agonist-activated
transduction pathways and second-messenger formation are not entirely separate.
Changes in concentration of one second messenger often lead to a change in
concentration of another. So it is plausible that there is a crosstalk between the protein
kinase C signal transduction pathway and a Ca2+ channel pathway in the 1,25(0H)2D 3mediated effect on phosphate uptake in isolated chicken intestinal cells.
The absence of a brush border effect of 1,25(0H)2D 3 in the perfusion study (37)
suggests that 1,25(0H)2D3 exerts rapid effects through a receptor in the basal lateral
membranes of chick intestinal epithelium (37). Previous investigations showed that in
vitamin D-deficient, 1,25(0H)2D3-dosed, and vitamin D-replete chicks, lysosomes were
found to be viable candidates as vesicular carriers for calcium (42), and more recently for
phosphate (38). These latter findings were in keeping with the report of Wasserman (63)
that phosphate moves through the cell as a discreet packet, and the findings of Pisoni and
Lindley (55, 56) on the capacity of fibroblast lysosomes to accumulate phosphate. Figure
9 presents a model for the transepithelial transport of Pi across small intestine based on
the combined present experimental observations and previous work done by other
authors. 1,25(0H)2D3 interacts with a putative basal lateral membrane receptor, now
termed 1,25D3-MARRS binding protein, to initiate PKC and Ca2+ channel signal
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transduction pathways, which directly phosphorylate and activate Na+_pi cotransporter Ilb
at brush border membranes or stimulate a microtubule-dependent translocation of
presynthesized Na+_pi cotransporters to the apical membrane (30). Internalization ofNa+Pi cotransporter Ilb is followed by subsequent lysosomal accumulation. Thus, phosphate
is transported with sodium across the brush-border membrane, and the sodium gradient
delivers the energy for the intracellular accumulation of phosphate. The exit step across
the basolateral membrane is not well defined. One temporally accepted mechanism is that
energetically it operates down the phosphate electrochemical gradient, and it occurs by a
carrier-mediated pathway. In situations where luminal influx exceeds the cellular
requirements, exit pathways need to complete transcellular transport. On the other hand,
if luminal influx is inadequate, "housekeeping" transport functions are required and will
mediate uptake from the intestitial fluid through the type III cotransporters (33, 34).
One concern in studying phosphate transport was that phosphate uptake might be
due to cotransport with calcium. Perfusion studies performed in the absence of luminal
calcium revealed that this is not the case (37). The current study suggested that
1,25(0H)zD 3 stimulates different signal transduction pathways for calcium and phosphate
transport. First, in isolated intestinal cells of normal, vitamin D-replete chicks, there was
no observable effect of l ,25(0H)zD 3 on
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Ca handling (40). This may be due to both a

hormone-enhanced uptake and enhanced extrusion of

45

Ca in isolated enterocytes.

However, as demonstrated in the current work, there was an effect of 1,25(0H)zD 3 on
phosphate uptake. Second, experiments show that 10 µM forskolin fails to enhance
phosphate uptake in isolated intestinal cells while enhanced
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P levels relative to controls

are found for cells treated with phorbol ester or BAY K 8644. These results suggest that a
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PKC and calcium channel signal transduction pathway are involved in uptake, while
protein kinase A may not be involved. In contrast, the inhibition of 1,25(0H)2 D 3 -induced
stimulation of duodenal Ca transport by both staurosporine (PKC inhibitor) and the
synthetic peptide IP20 (cAMP-dependent PKA inhibitor) implied that PKC- and PKAdependent phosphorylation are both involved in the rapid 1,25(0H)zD3-mediated increase
of duodenal Ca transport in the normal chicks (12).
As noted above, in isolated enterocytes, addition of 1,25(0H)2D3 clearly enhances
phosphate uptake. Thus, experiments were conducted to determine the effects of
24,25(0H) 2D 3 in isolated intestinal cells in combination with 1,25(0H)2D 3 . The results
showed that 6.5 nM 24,25(0H)zD 3 apparently exerts an inhibitory effect on phosphate
uptake stimulated by 1,25(0H)2D 3. It has been known that 1,25(0H)2D3 is synthesized
under conditions of vitamin D, calcium, and phosphate insufficiency, but 24,25(0H) 2D 3
is produced when 1,25(0H)2 D 3, calcium, and phosphate are sufficient. It is thus possible
that 24,25(0H)zD 3 is an endogenous antagonist of 1,25(0H)2D3 action. At the cellular
level, 24,25(0H)zD 3 has been found to inhibit the rapid effects of 1,25(0H)2 D3 on
opening calcium channels in osteoblasts and osteosarcoma cells (67). In the marine
teleost Atlantic cod, 24,25(0H) 2D 3 decreases intestinal calcium uptake within 5 min after
administration (22). Evidence suggests that a specific receptor also exists for
24,25(0H) 2D 3 (41). However, many criteria must be evaluated in order to determine
whether a receptor exists for this metabolite. Purification and characterization of a
candidate 24,25(0H)zD 3 membrane binding protein are currently under way.
1,25(0H)zD 3 is known to be capable of activating the transport pathway by
interacting with a membrane receptor (1,25D 3-MARRS protein), and initiating signal

36
Pi

Intestinal Epithelial Cell

0

Brush Border Membrane
0

Pi

•

Na-Pi II b

\,'~-·)

Lysosome

(-- \

//'-.......__

(

I ,25D3 MARRS
binding protein

P C/Ca2+ Channel

~-~

\
I

I

'~_j
\

\

"\

I

I

I

'f

Basal Lateral Membrane

Figure 9. Model of phosphate transport across the intestinal cell stimulated by
1,25(0H)2D3 1,25(0H)2D3 interacts with a putative basal lateral membrane receptor,
1,25D3 - MARRS protein, to initiate PKC and Ca2+ channel signal transduction
pathways, which directly phosphorylate and activate Na+-Pi cotransporter Ilb at brush
border membranes or stimulate a microtubule-dependent translocation of presynthesized
Na+-Pi cotransporters to the apical membrane. Internalization of Na+-Pi cotransporter Ilb
occurs via clathrin-coated structures, followed by subsequent lysosomal accumulation.
Thus phosphate is transported with sodium across the brush-border membrane, and the
sodium gradient delivers the energy for the intracellular accumulation of phosphate.
Exocytosis at the basal lateral membrane down the phosphate electrochemical gradient
completes the phosphate transport across the intestinal cell.
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transduction pathways. It has been established in rats and humans that intestinal calcium
transport declines with age, but the exact mechanisms are still not known. While animals
are growing, large amounts of dietary calcium and phosphate are required to build bones,
but the adult animal would have less need for rapidly stimulated intestinal uptake. Thus,
the rapid effect of 1,25(0H)iD3 on intestinal phosphate uptake, mediated through the
l,25D 3 -MARRS protein, would be expected to decrease. The current work indicates a
decrease of phosphate uptake in isolated intestinal cells with age, suggesting an
involvement of the "non-genomic" response and the 1,25D3 -MARRS protein. Further,
SDS-PAGE followed by Western analysis on isolated basal lateral membranes (BLM)
showed a decreased expression of the 1,25D 3 -MARRS protein with increasing age,
supporting the results obtained at the cellular level. In addition, as an indicator of
receptor-mediated hormone action, PKC activation has been reported to occur in response
to l,25(0H) 2D 3 in a variety of systems (44). In the present work, 130 pM 1,25(0H)2D 3
was observed to mediate an approximately twofold increase in PKC activity within 5
min, relative to control incubations in enterocytes from 7-wk chicks. However, there was
a decrease of protein kinase C activity with increasing ages, which is paralleled by the
diminished

32

P uptake in isolated intestinal cells and decreasing levels of the expression

of the putative membrane receptor.
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